that participate in memory storage. In these neurons, a core signaling pathway has been identified that is conserved from mollusks and flies to mice and that is critical both for the conversion of the short-to the longterm forms of synaptic plasticity and for the conversion Zhonghui Guan, 2,5 Maurizio Giustetto, on the cellular level in cultured sensory neurons with little is known about how neurons sum opposing sigbifurcated axons that make synaptic contact with two nals for long-term synaptic plasticity and memory spatially separated target motor neurons (Martin et al., storage. In Aplysia, we find that when a sensory neuron 1997a). In this culture system, five pulses of facilitatory simultaneously receives inputs from the facilitatory transmitter 5-HT delivered in a restricted manner to one transmitter 5-HT at one set of synapses and the inhibiset of synaptic connections produces synapse-specific tory transmitter FMRFamide at another, long-term falong-term facilitation requiring CREB1-mediated trancilitation is blocked and synapse-specific long-term scription and leads to the growth of new synaptic condepression dominates. Chromatin immunoprecipitatacts. The long-term facilitation induced at one set of tion assays show that 5-HT induces the downstream connections can be captured at another set of synaptic gene C/EBP by activating CREB1, which recruits CBP connections with only a single marking pulse of 5-HT, for histone acetylation, whereas FMRFa leads to which normally produces facilitation that lasts only min-CREB1 displacement by CREB2 and recruitment of utes (Martin et al., 1997a; Casadio et al., 1999). Sherff HDAC5 to deacetylate histones. When the two transand Carew (1999) similarly found that a single 5 min mitters are applied together, facilitation is blocked subthreshold pulse of 5-HT at a sensory-motor neuron because CREB2 and HDAC5 displace CREB1-CBP, synapse coupled with a 25 min perfusion of 5-HT to the thereby deacetylating histones.
FMRFa and for long-term facilitation by 5-HT when these
Results two modulatory transmitters are applied independently FMRFa Produces Synapse-Specific Depression at two different branches? We find that at the set of that Requires CREB2 but not CREB1-Mediated synapses receiving FMRFamide, long-term depression Transcription was fully expressed but that long-term facilitation was Neurons that mediate long-term memory storage can completely blocked at the synapses receiving 5-HT. be regulated bidirectionally. An interesting feature of What is the locus of integration for long-term synaptic 5-HT-induced long-term facilitation is its synapse speciplasticity, and how does long-term inhibition override ficity. 5-HT applied to one set of synapses produces long-term facilitation? One clue comes from the finding facilitation only at that set of synapses and not at others that CREB1 can activate transcription by recruiting the (Martin et tact with two spatially separated target motor neurons, Previously, these chromatin modifications have been we find that local application of one pulse of FMRFa to studied primarily in the context of development and difone set of synapses produced short-term depression ferentiation (Giles et al., 1998; Goodman and Smolik, at the stimulated connection 5 min after the treatment 2000; Turner, 2000). Despite extensive study of tran-(Ϫ41.25 Ϯ 6.35%, n ϭ 8) without any significant change scription in brain, little is known about how external at other, untreated connection (Ϫ18.70 Ϯ 3.78%, n ϭ events that affect transcription modulate chromosomal 8, Figure 1A ). Similarly, local application of five spaced structure in neurons. We now ask: Do the inputs leading pulses of FMRFa produced long-term depression 24 hrs to long-term memory storage elicit alterations in chrolater at the stimulated synapses (Ϫ42.88% Ϯ 6.53%, matin structure that are responsible for the transcription n ϭ 13) with no significant inhibition at the untreated needed for the production of long-term synaptic plasticsynapses (Ϫ8.13 Ϯ 6.47%, n ϭ 13). Thus, local applicaity? If chromatin is modified for memory storage, does tion of FMRFa can evoke both short-and long-term the bidirectional modulation of memory storage involve synapse-specific depression. a bidirectional modulation of chromatin structure? While CREB1 is essential for long-term facilitation To examine chromatin structure and protein-DNA in-(Bartsch et al., 1998), we find that blocking CREB1a by teraction in Aplysia neurons in the context of memory injecting CREB1a antibody into the sensory neuron had storage, we used chromatin immunoprecipitation (ChIP) no effect on long-term depression (Ϫ44.24 Ϯ 7.23% assays (reviewed by Kuo and Allis, 1999; Orlando, 2000) versus the untreated branch Ϫ7.49 Ϯ 5.77%, n ϭ 6, to study three aspects of chromatin regulation: (1) the Figure 1B ). We therefore examined the possible effect identity of transcription factors bound to a defined proof CREB2, a repressor of long-term facilitation, because moter region of DNA in vivo, (2) the histone modifying it is capable to activate transcription on its own in F-9 enzymes (acetylases and deacylases) that are recruited cell (Bartsch et al., 1995) . Injecting anti-CREB2 antibody by these transcription factors, and (3) the specific hisinto sensory neurons blocked synapse-specific longtones modified by these enzymes. We focused on the term depression (ϩ0.48 Ϯ 7.50% versus the untreated chromatin around the promoter of C/EBP, an early rebranch ϩ7.75 Ϯ 14.49%, n ϭ 8, Figure 1B) . Thus, CREB2 sponse gene downstream from CREB1 with several CRE not only inhibits long-term facilitation, but it also medielements in its promoter region. This gene is rapidly ates long-term depression. induced during the formation of long-term facilitation (Alberini et al., 1994) and its induction is critical for the Long-Term Depression Overrides long-term process. Preventing the induction of C/EBP Long-Term Facilitation blocks long-term facilitation, whereas overexpression Under physiological conditions, a neuron typically reof C/EBP facilitates long-term facilitation (Alberini et al., ceives excitatory and inhibitory inputs simultaneously 1994; Lee et al., 2001 ). We therefore ask: does long-term at different sites that must be integrated for a coherent depression override long-term facilitation by regulating output. How does a single neuron integrate the two chromatin structure at the C/EBP promoter? opposing signals, FMRFa for inhibition and 5-HT for We find that signals underlying 5-HT and FMRFa confacilitation, when applied to its two different branches? verge on the promoter of C/EBP to produce bidirectional Does the neuron integrate inputs differently in the longmodification of chromatin that leads to gene activation term processes compared to short-term process? We on the one hand and gene repression on the other.
found that the short-term process is synapse-specific: 5-HT induces the expression of C/EBP by activating when a single pulse of FMRFa was applied to one set CREB1, which recruits CPB to acetylate histones around of synapses and one pulse of 5-HT to the other, both the C/EBP promoter. In contrast, FMRFa represses synapse-specific short-term depression and facilitation C/EBP by recruiting CREB2 and a Class II deacetylase were fully expressed 5 min after the treatment (Ϫ28.50 Ϯ HDAC5 that deacetylate histones around the C/EBP pro-5.81% at the FMRFa-treated branch and ϩ87.50 Ϯ moter. When both neurotransmitters are given together, 21.27% at the 5-HT-treated branch, n ϭ 6, Figure 2A ). FMRFa overrides 5-HT. This inhibitory dominance reWe next examined the interaction in the long-term sults from the ability of CREB2 and HDAC5 to displace process. As reported previously (Martin et al., 1997a) , when five pulses of 5-HT were applied to one set of CREB1 and CBP. 
Discussion
At any given time, the integrative action of a single neuron reflects in microcosm the integrative capability of gration of long-term synaptic plasticity, the two signal transduction pathways converge on specific promoters neuronal ensembles, which in turn reflects the integrative characteristics of the nervous system as a whole.
to regulate gene expression in the nucleus and the effects of inhibition are dominant there. A neuron integrates the total of excitatory and inhibitory signals that it receives. In the short-term, the conseThe capability for integration of long-term synaptic modulation suggests a model for how memory-related quences of facilitatory (5-HT) and inhibitory (FMRFa) modulation are exerted independently at separate synlong-term synaptic changes are achieved (Figure 7) . According to this model, in the basal state, CREB1a binds apses because the signal transduction pathways for facilitation and inhibition are transient and diffusion limto the promoter of C/EBP, an immediate response gene critical for switching short-to long-term facilitation. Alited and therefore do not interact. In contrast, with inte- confined to the stimulated synapse. In contrast, in longtone acetylation. Thus, our data are consistent with the term plasticity there is a long-range signal integration view that CBP is responsible for the modification of so that the activity at one synaptic site can influence chromatin structure. In addition, 5-HT also leads to the other distant synapses by means of its action in the removal of CREB2 from the promoter, which reinforces nucleus. Although the long-term process appears to be the previous observation that inhibition of CREB2 facilisynapse-specific and restricted, once transcription has tates long-term facilitation (Bartsch et al., 1995) . It is been activated, the potential for plastic change at all interesting to find the relatively high basal histone acethe synapses of the neuron has, in fact, become altered. tylation around the C/EBP promoter in Aplysia neurons.
As a result, following the initiation of transcription by Perhaps this high basal acetylation ensures rapid inducthe long-term process the action of any of the synapses tion of this immediate early gene. With the basal acetylaof that neuron is no longer simply determined by the tion already in place, acetylation of only a few additional history of that synapse but is also determined by the residues would be sufficient to modify chromatin struchistory of the transcriptional machinery in the nucleus. ture adequately to initiate transcription.
As first pointed out by Sherrington (1906) in the conAs an early immediate response gene, C/EBP is turned text of short-term processing, a neuron receives excitoff two hours after induction by 5-HT (Alberini et al., atory and inhibitory inputs through many spatially sepa-1994). This termination of transcription also involved rate synapses and must integrate these competing chromatin modification. By the time that transcription is inputs into a coherent response. The modern view of turned off, CREB2 replaces CREB1a from the promoter.
Sherringtonian integration considers short-term integraMeanwhile, HDAC5 and presumably other histone detion as a summation of these excitatory and inhibitory acetylases are recruited to the promoter to induce hisleading to a decision to fire an action potential if, and tone deacetylation and thereby repress the expression. only if, excitation exceeds inhibition by a certain critical If regulation of chromatin structure is important for minimum. This decision is made at the axon hillock, the the transcription of C/EBP that is required for the longtrigger zone of the neuron. term synaptic plasticity, alteration of chromatin strucOur study suggests that different parallel mechanisms ture should influence long-term plasticity by altering exist for long-term neuronal integration. We find that gene expression. Our experiments with TSA, a specific when a neuron receives repeated facilitatory and ininhibitor of both Class I and II HDAC, are consistent hibitory inputs through spatially separate synapses, it with this idea. When histones are hyperacetylated in the integrates these inputs to produce synapse-specific presence of TSA, long-term facilitation is enhanced: one long-term depression and to repress synapse-specific pulse of 5-HT, which normally induces the short-term long-term facilitation. We further find that these simultasynaptic plasticity, now induces long-term facilitation.
neously applied facilitatory and inhibitory inputs converge at the level of the nucleus to regulate gene expression, a regulation that results from changes in chromatin FMRFa Activates CREB2 and Induces Histone Deacetylation at the C/EBP Promoter structure. In this long-term signal integration, the inhibitory effect dominates by inducting the recruitment of Long-term depression mediated by FMRFa is not simply a mirror image of long-term facilitation produced by CREB2 to replace CREB1a and histone deacetylation at the promoter to repress gene expression. We have 5-HT. In long-term depression, CREB2, instead of CREB1a, is the transcription factor responsible for the confirmed this independently by finding that if histone is hyperacetylated by treatment with TSA so that gene induction of genes important for long-term depression. Once activated, CREB2 also displaces CREB1a from induction is facilitated, the dominance of long-term inhibitory effect is overcome: now synapse-specific longthe C/EBP promoter and functions as a transcription repressor of C/EBP, a gene important for long-term facilterm facilitation is induced and the synapse-specific long-term depression is repressed. Thus, a neuron can itation. We have recently found that p38 MAP kinase, which is activated by FMRFa in long-term depression, integrate signals of opposite sign on two levels: at the
